Research on the testis has concentrated upon the Leydig cells in the interstitial tissue and the Sertoli cells and spermatogenic cells in the seminiferous tubules, because these cells serve the essential testis-specific functions of androgen and gamete production, respectively. However, even a cursory glance at the histology of the testicular interstitial tissue of many species reveals the presence of another prominent group of cell types, the testicular leukocytes. This cell population comprises largely macrophages, but significant numbers of lymphocytes and occasional, mostly subcapsular, mast cells are present as well. In some species, including humans, the number of macrophages in particular is quite substantial, representing the second most numerous cell type in the interstitial tissue after the Leydig cells (Miller, 1982; El-Demiry et al., 1987; Pöllänen and Niemi, 1987) . While the size of the population in some cases may be remarkable, it is not surprising that leukocytes are found within the testis: macrophages and mast cells are common constituents of connective tissues, while lymphocytes circulate through all organs of the body as part of the immunological defence mechanism. What is surprising is the fact that the biological role of these cells within the testis has not received a great deal of attention from reproductive biologists until relatively recently.
Primarily, leukocytes mediate and regulate immune responses. The testis and particularly the spermatogenic cells produced by the testis are susceptible to autoimmune attack, as indicated by the fact that the development of sperm autoantibodies accounts for as much as 6% of all cases of male infertility. Historically, it was thought that the blood-testis barrier maintained by the Sertoli cells in the seminiferous epithelium provided protection from the immune system. However, crucial studies by Tung and colleagues in the 1980s established that this was not the complete explanation, by demonstrating that testicular autoantigens are present outside the blood-testis barrier, that active immunization with testicular tissue causes autoimmune orchitis (testicular inflammation) in experimental animals, and that this orchitis can be transferred to nonimmunized recipients via activated lymphocytes (Mahi-Brown et al., 1987; Tung et al., 1987; Yule et al., 1988) . Around the same time, studies by Head and Billingham (1985) re-established the fact that organ grafts under the testicular capsule of several species of laboratory rodent will survive for considerable periods without evidence of rejection by the immune system, and implicated the local environment of the testis in this 'immune-privilege'. The special relationship between the testis and the immune system began to be more generally recognized.
In the last decade there has been a groundswell of interest in the testicular leukocytes. In addition to their immunological functions, there is increasing awareness that leukocytes in general may play a role in the homeostatic regulation of the organs in which they are found (see review by Rutherford et al., 1993) . Very recent data suggests that this is true of the testis as well (Bergh et al., 1993; Gaytan et al., 1994a,b) . This review briefly summarizes what is already known about the leukocyte population of the testis, and links this information with some speculations on their potential physiological roles.
Leukocytes and the immune system
Leukocytes are derived from a common stem cell lineage in the bone marrow by a process called haematopoiesis. The ultimate cell type produced is dependent upon the differentiation pathway taken by the stem cell, through the action of multiple
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cytokines within the bone marrow and thymus, and later developmental influences in other organs, especially the secondary lymphoid tissues (for example, lymph nodes, the spleen and Peyer's patches in the gastrointestinal tract). Leukocytes circulate in the blood and lymph through the lymphoid tissues and other body organs. Although they are not confined to a single tissue during their lifetime, they are profoundly influenced by the tissue in which they are located at any particular time.
The main function of the leukocytes is to mediate innate immunity and antigen-specific immune responses. Innate immunity is the ability to recognize and destroy micro-organisms and other pathogens, and involves principally the monocytesmacrophages, polymorphonuclear cells (PMNs) and some lymphocytes. Antigen-specific (sometimes called adaptive) responses involve the ability of lymphocytes, specifically the T cells and B cells, to recognize molecules, or fragments of molecules (that is, antigens) that are not part of the normal molecular repertoire of the body. It is necessary to review their individual functions in a little more detail to understand what these cells are doing in the testis.
Monocytes-macrophages and dendritic cells
Monocytes are rounded cells, possessing an indented or convoluted nucleus and a granular cytoplasm with lysosomes. These cells invade tissues during an immune reaction, and promote the inflammatory process by secretion of inflammatory cytokines, such as interleukin-1 (IL-1) and tumour necrosis factor α (TNF-α), production of cytotoxic oxygen metabolites, and secretion of leukotactic ('leukocyte-attracting') factors and other regulatory molecules (see review by Takemura and Werb, 1984) . Dendritic cells have a distinct stellate morphology, and are principally responsible for presentation of antigen, via cell surface major histocompatibility complex class II (MHC II) molecules, and stimulating the differentiation and proliferation of antigen-specific lymphocytes (see Fig. 1 ). The resident tissue macrophage is characterized by its phagocytic activity, lysosomal inclusions, and an indented nucleus with distinct heterochromatin. Although derived from the blood-borne monocyte, the appearance and functions of the macrophage are largely determined by its environment (Takemura and Werb, 1984; Rutherford et al., 1993) . Macrophages play a central role in innate immune protection via their phagocytic and cytotoxic activity, are involved in tissue remodelling through secretion of proteases and protease inhibitors, and communicate with other cells (see Fig. 2 ). Macrophages also have the potential for antigen-presenting activity.
Resident macrophages and monocytes are stimulated by exposure to specific bacterial cell products, such as lipopolysaccharides (LPS), and by the action of lymphocyte-derived cytokines, particularly interferon γ (IFN-γ). This results in an 'inflammatory' or 'activated' state characterized by increased MHC class II expression, enhanced cytotoxic activity, and the ability to regulate ongoing immune responses by secretion of either inflammatory or anti-inflammatory cytokines (see Fig. 2 ).
Lymphocytes
Lymphocytes include T cells, B cells and natural killer (NK) cells. It is difficult to distinguish the unstimulated lymphocyte subsets from one another under the light microscope. Each T cell and B cell expresses specific receptors for a single antigen on its surface, in the form of the T-cell receptor (TCR), or surfacebound antibody (immunoglobulin), respectively. These cells confer the antigenic specificity of the adaptive immune system (see review by Paul and Seder, 1994) . The T cells are separated into regulatory and effector subsets. T cells that express the surface molecule CD4 are mostly regulatory or helper (T H ) cells, and can be activated by 'professional' MHC class II-bearing antigen-presenting cells (see Fig. 1 ). T cells that express the CD8 surface marker, however, are generally cytotoxic, and are activated when they come into contact with antigen presented on the surface of cells expressing MHC class I molecules. Since nearly all somatic cells exhibit MHC class I molecules on their surface, the CD8 + T cells play an important role in protection against viral infections and transformed (tumourigenic) cells. B cells become antibody-secreting plasma cells when stimulated by exposure to their specific antigen and T H cell-derived cytokines, but may also act as antigen-presenting cells. Unlike CD8 + T cells, NK cells can recognize and destroy tumour cells and infected cells via a specific receptor mechanism (the NK receptor) that does not involve the MHC (Lanier et al., 1992) .
Polymorphonuclear cells and mast cells
These leukocytes contain secretory and lysosomal cytoplasmic granules, and display highly distinctive nuclear morphologies. Neutrophils, in particular, are an important cell during inflammation, providing effective phagocytosis of infection and cell debris. Tissue-resident mast cells promote the development of the inflammatory response by secretion of leukotactic agents and vasoactive amines. While mast cells are often found in very small numbers in normal connective tissues, generally in association with the blood vessels, the accumulation of neutrophils in a tissue is a sign that the immune system has been activated at that site (Widmark et al., 1987; Hedger et al., 1995) .
The immune response
The immune response involves a complex interaction between antigen-presenting cells, lymphocytes and inflammatory cells (monocytes and PMNs), via highly specific surface receptor interactions, and the secretion of regulatory cytokines (see Fig. 1 ). The initial antigen presentation and lymphocyte activation events generally, although not exclusively, occur in lymphoid tissues, such as the local lymph nodes and spleen. Consequently, a functional lymphatic drainage is usually necessary for an effective immune response to develop in a particular site. However, since leukocytes recirculate through tissues, many of the important events, including antigen exposure and processing, antigen recognition by antigen-exposed lymphocytes, and lymphocyte maturation and proliferation, also occur at the reaction site itself (Head and Billingham, 1985) .
Organization of the testicular immune environment
The testicular lymphatic vessels are extensive, efficient, and drain directly to local lymph nodes. However, there is a considerable variation in the organization of the intratesticular lymphatics and the immune cell composition of the testis between species (Fawcett et al., 1973) . Human testis interstitial tissue consists of a sparsely populated loose connective tissue, with large, clearly defined lymphatic vessels, and significant numbers of 'resident' leukocytes, chiefly macrophages (El-Demiry et al., 1987; Pöllänen and Niemi, 1987) . The interstitial tissues of rats and mice, the animal models most commonly used in reproductive medicine, immunology and toxicology, are similar to those of humans in that they contain large numbers of leukocytes, but the lymphatics of these rodent species are continuous with the interstitial fluid. In contrast, sheep testes possess discrete lymphatics similar to those in humans, but contain relatively few intratesticular leukocytes (Pöllänen and Maddocks, 1988) .
In all species studied, MHC expression normally is undetectable in the seminiferous epithelium, but both MHC Multiple functions of the monocyte-macrophage. Macrophages have the potential for both inflammatory, and 'homeostatic' functions, depending upon the environmental influences to which they are subjected. IL-1: interleukin 1; TNF-α: tumour necrosis factor α; TGF-β: transforming growth factor β.
class I and II molecules are expressed within the testicular interstitial tissue (Pöllänen and Niemi, 1987; Tung et al., 1987; Pöllänen and Maddocks, 1988; Wang et al., 1994) . The macrophages also are confined to the interstitial tissue under normal conditions. Lymphocytes, however, have been observed within the epithelium of the seminiferous tubules closest to the rete testis, the structure into which the seminiferous tubules drain before the epididymis (Dym and Romrell, 1975) . These data, and evidence that antibody can cross the rete testis, suggest that the blood-testis barrier is incomplete at this point, and MHC class II expression appears to be highest in the interstitial tissue of this region of the testis (Tung et al., 1987) . There have also been reports of a higher concentration of T cells under the testicular capsule (Pöllänen and Niemi, 1987) . These observations are consistent with the predisposition for testicular autoimmune responses to occur in the vicinity of the rete testis and testicular capsule (Tung et al., 1987) .
Leukocytes are found throughout the genital tract, but unlike the situation in the testis, macrophages and lymphocytes are frequently observed within the epithelium of the efferent ducts, epididymis, vas deferens and accessory glands (Ritchie et al., 1984) . Leukocytes, particularly neutrophils, are also found in the seminal plasma, but these cells are unlikely to have originated from the testis (see review by Barrett et al., 1990) .
Testicular macrophages

Structure and function
The normal structural, phagocytic and bactericidal functions of these cells have been well-characterized by Miller and Hutson, and their colleagues, largely by studies in rats (Miller, 1982; see review by Hutson, 1994) . The immunological functions of these cells have received much less attention. Two facts are evident, however: they express MHC class II molecules on their surface (Hedger and Eddy, 1987; Pöllänen and Niemi, 1987; Tung et al., 1987; Wang et al., 1994) , and their ability to secrete several important inflammatory cytokines, including IL-1 and TNF-α, is reduced in comparison with that of other resident macrophages (Kern et al., 1995; Hayes et al., 1996) . This finding suggests that the testicular macrophages can recognize CD4 + T cells, but may be deficient in their ability to provide T-cell co-stimulation and growth. The dendritic cell population of the testis remains to be identified and characterized.
Subpopulations and development
We have recently demonstrated that the testicular macrophage population in rats is not homogeneous, but can be separated into distinct subsets, defined by the expression of molecules recognized by the monoclonal antibodies, ED1 and ED2 (Wang et al., 1994) . ED1 has specificity for CD68, a lysosomal molecule involved in antigen presentation, while ED2 labels resident macrophages in nonlymphoid tissues. These data indicate a developmental process from ED1 + monocytes, through intermediates that express both markers, to a putative 'longterm' resident phenotype, ED1 -ED2 + (see Fig. 3 ). The majority (85%) of intratesticular monocytes-macrophages express the resident macrophage marker, ED2. The respective roles of these different subsets and their developmental relationships remain to be elucidated; however, these data indicate that one should not think of the testicular macrophage as monofunctional, but as a dynamic cell capable of several different, even opposing, functions within the testis.
Regulation of testicular macrophage development
In the immature rat testis, there are relatively few resident macrophages; however, these cells increase markedly in number around the time that the adult Leydig cell population appears and meiotic development of the spermatogenic cells begins (Mendis-Handagama et al., 1987; Hardy et al., 1989; Raburn et al., 1993) . The numbers continue to increase into adult life. In fact, the density of these cells within the adult rat testicular interstitial tissue (see Table 1 ) is comparable with the macrophage density of the liver (14-20 x 10 3 µl -1 ) (Bouwens et al., 1986) . Testicular size, or more specifically the volume of interstitial tissue, appears to be the main determinant of number of macrophages in the normal adult testis, and there is surprisingly little animal-to-animal variation (Wang et al., 1994) . Moreover, numbers of macrophages are unaffected by depletion of the spermatogenic cells in the experimentally cryptorchid (abdominal) testis (O'Leary et al., 1986; M. P. Hedger, unpublished) , implying that there is a robust interstitial tissue regulatory mechanism for these cells.
The regulation of numbers of testicular macrophages during pubertal development and in the adult testis principally involves LH, acting through its stimulation of the Leydig cells (see Fig. 3 ) (Raburn et al., 1993; Wang et al., 1994) . Macrophages are often associated closely with the Leydig cells, and highly specialized cell-cell cytoplasmic contacts develop early in adult life between the two cell types (Hutson, 1992) . Communication between these cells may involve direct contact or testosterone, although evidence suggests that nonandrogenic products of the Leydig cell may also be involved (Raburn et al., 1993) . However, complete ablation of the Leydig cells in the testis by treatment with the Leydig cell-specific cytotoxin, ethane dimethane sulfonate (EDS), reduces numbers of macrophages by only about 50% (Wang et al., 1994 ). It appears that other factors, independent of the Leydig cells, also have an influence. Locally produced cytokines, including IL-1, and macrophage colony-stimulating factor (CSF-1) are implicated in this process (Gérard et al., 1991; Cohen and Pollard, 1994) . A potential role for other pituitary hormones, particularly growth hormone (Gaytan et al., 1994c) and FSH (Yee and Hutson, 1983) , in regulating numbers and function of macrophages has also been indicated.
The actual process by which the testicular macrophage population develops and is maintained remains to be defined. Leukocyte access relies on transport mediated by specific adhesion molecules on the endothelial cells of the blood vessels, of which there is relatively little information available for the testis. Macrophages certainly proliferate in the pubertal testis, although data concerning 'resident' macrophage proliferation in adults is lacking (Raburn et al., 1993) . Numbers of macrophages may also be maintained by preventing movement out of the testis. In support of the latter proposition, Miller (1982) showed that radioactive plutonium accumulates in mouse and dog testes indefinitely, suggesting that normally there is very little resident macrophage traffic to the local lymph nodes.
Lymphocytes in the testis
Subsets and their functions
Consistent with the relatively small number of lymphocytes present in the testis, very little is known about these cells. Our most recent studies have found that the T cells in the rat testis are predominantly CD8 + MHC class I restricted T cells, indicating that they belong to the cytotoxic T-cell subset (M. P. Hedger, unpublished)(see Table 1 ). Although CD4 + regulatory T cells are also present, this indicates a shift from the situation in the blood where the CD4 + T cells predominate. Corresponding quantitative data for humans are scant, and equivocal. Although Ritchie et al. (1984) recorded a similar shift in the T-cell subset ratio in favour of the CD8 + subset and Pöllänen and Niemi (1987) found both helper and cytotoxic T cells in the normal human testis, El-Demiry et al. (1987) failed to observe any intratesticular T cells under normal conditions. The latter group, however, did report an increase in both T-cell subsets in the testes of infertile men. While many of these cells will pass out through the testicular lymphatics, at least some monocytes will become resident presumably under the influence of the Leydig cells, leading to the development of a testis-specific macrophage population (Mφ), which may further expand via proliferation. The circulating monocytes and newly arrived macrophages will have an 'inflammatory' phenotype, and will have the potential to activate lymphocyte responses and inhibit Leydig cell steroidogenesis. The resident testicular macrophages, however, under the influence of the testicular environment lose their ability to promote inflammation and lymphocyte development, actively inhibit the functions of transient and invading monocytes and lymphocytes within the testis, and develop a trophic interaction with the Leydig cells. This transformation of the resident macrophages may be reversible under certain conditions, such as during testicular inflammation. The seminiferous tubules also influence this process, by the secretion of cytokines and other immunoregulatory molecules. Arrows represent communication axes via secreted cytokines, hormone, or direct cell-cell surface ligand-receptor interaction. In addition to T cells, there appears to be a substantial population of NK cells in the rat testis, as defined by the presence of the NK cell-specific receptor, suggesting a role for the NK cell in testicular immunoregulation (M. P. Hedger, unpublished). Significantly, NK cells have the capacity to secrete IFN-γ, which upregulates macrophage MHC II expression and increases the production of inflammatory cytokines by testicular macrophages in vitro (Kern et al., 1995) . A human NK cell marker, CD16 (Leu-11), has been reported to be absent from the human testis (Pöllänen and Niemi, 1987) , but recent studies have confirmed that CD16 is not a universal, or specific, marker for NK cells (Lanier et al., 1992) , and further studies are necessary to establish whether there is a similar relationship in humans. As in other tissues, B cells are rarely, if ever, observed in the normal testis (Pöllänen and Niemi, 1987; Wang et al., 1994) .
Regulation and trafficking
As expected, intratesticular lymphocytes increase during local inflammation or when macrophage activity is increased (Tung et al., 1987; Wang et al., 1994) , but almost nothing is known about the regulation of lymphocyte traffic in the normal testis. In our studies on EDS-treated rats, the total number of T cells in the testis was largely unaffected by removal of the Leydig cells (Wang et al., 1994) , but there was a significant decrease in the ratio of CD8 + to CD4 + T cells present (M. P. Hedger, unpublished). This suggests a direct or indirect influence of Leydig cells on lymphocyte traffic as well, supporting earlier evidence that Leydig cells both specifically bind to lymphocytes and inhibit their function in vitro (Born and Wekerle, 1982) .
Mast cells in the testis
Mast cells are mostly confined to the region of the testis capsule around the subcapsular blood vessels (Gaytan et al., 1989) . However, they are influenced by local factors, and their numbers throughout the interstitial tissue increase considerably after EDS treatment in adult rats, or after neonatal administration of oestradiol, suggesting a direct link with Leydig cell function (Gaytan et al., 1989; Wang et al., 1994) . Although these data suggest that the Leydig cells inhibit numbers and activity of mast cells in the testis, the mechanisms involved are unclear. For example, in the EDS-treated testis, the mast cell increase is retarded, not stimulated, by blocking Leydig cell recovery with subcutaneous testosterone implants to inhibit pituitary LH secretion (Wang et al., 1994) . Certainly, there appears to be a degree of overlap in the regulatory mechanisms involved in the development of both Leydig cells and mast cells, once again emphasizing the importance of the Leydig cell in particular in controlling numbers of leukocytes in the testis. Other PMNs, such as neutrophils, are found only in the testis under conditions of testicular damage, or inflammation (Widmark et al., 1987; Bergh et al., 1993; Hedger et al, 1995) .
The role of cytokines in testicular function
Although communication between the testis and immune system has long been established, in recent years it has become clear that the two systems actually share common cytokine-mediated regulatory mechanisms. Several studies have established that inflammatory cytokines, such as IL-1 and TNF-α, and the antiinflammatory cytokine, transforming growth factor β (TGF-β), are produced by cells within the seminiferous epithelium (Gérard et al., 1991; De et al., 1993; Mullaney and Skinner, 1993) . Activin, another member of the TGF-β protein family produced by both Sertoli and Leydig cells, is involved in formation of red blood cells and T-cell regulation in the immune system (Shao et al., 1992; Hedger and Clarke, 1993) . These cytokines are involved in controlling spermatogenic growth and differentiation, but also have direct, mostly inhibitory, actions upon Leydig cell steroidogenesis (Hales et al., 1992; Moore and Hutson, 1994) . Moreover, this is by no means a complete list of immune cell cytokines known to be produced by the testis, and it is equally likely that further shared cytokines will be identified.
Leukocyte functions within the testis
Leydig cell development
The importance of macrophages for testicular function is indicated by reports that mutant male mice that lack CSF-1, and hence have reduced numbers of macrophages throughout the body, also have poor fertility (Cohen and Pollard, 1994) . Perhaps the most important potential function of the testicular macrophages recently identified is a role in Leydig cell development. A temporal link between the period of macrophage proliferation and Leydig cell development in the pubertal testis has already been noted (Hardy et al., 1989; Raburn et al., 1993) . However, several very exciting studies using intratesticular injections of liposome-encapsulated dichloromethylene diphosphonate to remove macrophages from the testis have indicated that Leydig cells will not develop in immature rats, or after EDS treatment, in the absence of functional macrophages (Gaytan et al., 1994a,b) . These data actually suggest a fundamental trophic role for the macrophages in the development of an essential endocrine cell, and the physiological ramifications of these observations are immense.
Steroidogenesis
The literature concerning the direct action of macrophages on Leydig cell steroidogenesis is, to say the least, confusing. In macrophage-depleted adult rat testes, testicular concentrations of testosterone have been reported to decline (Bergh et al., 1993) , and increase (Gaytan et al., 1996) . In adult mice, an intraperitoneal injection of LPS reduced steroidogenic enzyme concentrations in Leydig cells (Hales et al., 1992) , while stimulation of the testicular macrophages by an intratesticular injection of latex beads increased the steroidogenic capacity of the Leydig cells in rats (Kerr and Sharpe, 1989) . Medium collected from cultures of testicular macrophages has been reported to both stimulate (Yee and Hutson, 1985) and inhibit (Sun et al., 1993) Leydig cell steroidogenesis. In Leydig cell-macrophage cocultures, the same discrepancies have been observed, and even when specific macrophage cytokines, such as IL-1 and TNF-α, have been investigated, variable results have been reported from the same cytokine in different studies (Sun et al., 1993) .
The inconsistency of these data may be attributed to several problems. All macrophages have the capacity to produce a variable and complex array of cytokines as well as other molecules which, in turn, may exert overlapping and even conflicting effects on the Leydig cell. Isolation procedures themselves can alter macrophage function, which may lead to very different cytokine secretory patterns in vitro (Moore and Hutson, 1994) , and these procedures have varied widely from one study to another. In particular, the presence or absence of endogenous LPS has not always been controlled or assessed in studies. Just as important, there has been considerable variation in the Leydig cell preparation procedures, source tissue and culture conditions used. For example, in our own studies, we were unable to show any effect of IL-1 on testosterone secretion by highly purified adult rat Leydig cells cultured in the presence of optimal concentrations of LH and steroid substrates, yet other studies have demonstrated that adult rat Leydig cells are responsive to IL-1 (Sun et al., 1993) . The conditions under which the Leydig cells were cultured clearly altered the results obtained. Similar differences in the degree of stimulation of the macrophages, and the functional state of the Leydig cells may account for the apparently conflicting results observed in vivo.
On balance, the data indicate that resting resident testicular macrophages have a positive effect on Leydig cell steroidogenesis, possibly through their trophic actions. Once an inflammatory event is initiated within the testis, however, Leydig cell function is depressed as a result of the local production of cytokines, such as IL-1, TNF-α and TGF-β, oxygen metabolites and prostaglandins which have inhibitory actions on the Leydig cell steroidogenic enzymes and androgen production. The origin of these inhibitory molecules is most likely to be the monocytes, neutrophils and other leukocytes that invade the testis at the time of inflammation, presumably overwhelming the local immunoregulatory mechanisms (see Fig. 3 ). However, the resident testicular macrophages appear to retain the capacity to be stimulated under appropriate conditions in vitro (Kern et al., 1995) , and the functional role of these macrophages during testicular inflammation requires further examination.
Spermatogenesis
Physical separation alone would suggest that it is unlikely that the testicular leukocytes influence spermatogenesis directly. However, at least one cytokine, granulocyte-macrophage colony-stimulating factor (GM-CSF), appears to be produced by the testicular macrophages at very high concentrations in vitro (Kern et al., 1995) , and the importance of this cytokine to spermatogenic development remains to be examined. There also remains the possibility that other, as yet unidentified, products of the resident leukocytes in the interstitial tissue have a direct influence on the seminiferous tubules under normal conditions.
Immune privilege and testicular autoimmunity
Tolerance to antigens develops principally during perinatal life, when lymphocytes reactive with 'self' antigens are deleted or inactivated in the thymus (see review by Nossal, 1994) . The susceptibility of spermatogenic cells to autoimmune attack may be related to the fact that their development takes place long after this period of immune maturation. In experimental studies, it has been shown that rejection of intratesticular grafts can be induced by immunization against the graft antigens at a site outside the testis (Head and Billingham, 1985) . This observation, together with the discovery that orchitis can be transferred via the lymphocytes from an immunized animal to an untreated recipient (Mahi-Brown et al., 1987) , suggests that testicular immune privilege may be a localized phenomenon affecting T-cell activation and maturation events.
There is now considerable evidence that autoimmunity may arise from a failure of 'peripheral tolerance' to antigens where the autoreactive T cells have not been deleted during maturation (Nossal, 1994) . Peripheral tolerance appears to be due to a continuous process of downregulation, by low-dose exposure of T cells to their antigen, accompanied by inadequate or inappropriate signals from the antigen-presenting cells, and local production of immunosuppressive molecules and cytokines (see Fig. 4 ). As already suggested, the testicular macrophages can recognize CD4 + regulatory cells and have the potential to present antigen, but may lack the capacity to activate the lymphocytes appropriately, possibly leading to their inactivation, deletion, or they may even become immunosuppressive. Moreover, the immune system is a diffuse and highly cooperative mechanism. It should be recognized that sampling of spermatogenic cell antigens within the testis by circulating T cells, leading to the deletion of autoreactive T cells, or production of unresponsive or immunosuppressive T cells, may confer protection for these antigens throughout the male reproductive tract.
There is also considerable evidence of T-cell inhibition within the testis, at least some of which originates from the macrophages (Kern et al., 1995; Hayes et al., 1996) . Although the production of specific immunosuppressive cytokines by the testicular macrophages has not yet been addressed, testicular macrophages produce pro-opiomelanocortin peptides which have lymphocyte-inhibiting activity (He et al., 1991) , and prostaglandins which inhibit both macrophage and T-cell functions (Kern et al., 1995) . In any event, the regulatory molecules do not necessarily have to originate from the macrophages themselves. Other cells of the testis, particularly the Sertoli cells, have been implicated as a source of T-cell inhibiting cytokines, including TGF-β, activin and the cell-surface receptor Fas ligand (FasL) (Hedger and Clarke, 1993; Pöllänen et al., 1993; Bellgrau et al., 1995) .
Protection against infection
In the blood and most nonlymphoid tissues, NK cells are a very minor lymphocyte subset, and CD4 + T cells predominate. Consequently, the apparent bias of the testicular leukocyte population towards cells involved in cell killing and phagocytosis, that is, the macrophages, cytotoxic CD8 + T cells and NK cells, particularly in rats (see Table 1 ) suggests that the testis may possess enhanced innate immunoprotection. This could be a compensatory mechanism to limit tumour development or potential infections by micro-organisms entering via the genital tract, within a testicular environment where the antigen-specific immune response is otherwise restricted or deficient. The Leydig cell is implicated in maintaining this protection through the stimulation of testicular macrophage and cytotoxic T-cell numbers, as already described.
Inflammation of the testis
Inflammation of the testis is most commonly caused by viral infections, such as occur in mumps orchitis. Other potential causes of testicular inflammation include reproductive tract infections, environmental toxins, trauma and 'spontaneous' autoimmunity. Whether the resident macrophages and mast cells are involved or not, inflammation will result in an influx of circulating monocytes, lymphocytes, and neutrophils, and these cells may not be brought under the immunoregulatory influence of the testicular environment immediately. The production of inflammatory cytokines by these cells may activate the testisspecific lymphocytes, resulting in autoimmune orchitis or antibody development. These cytokines may also interact with their receptors in the seminiferous tubules and on the Leydig cells, and alter normal tubule and Leydig cell homeostasis. The damage caused to the testis is variable, and sterility is not always the result. However, experimental and clinical evidence suggests that inflammation of the testis causes an acute downregulation of Leydig cell function, and that men who have suffered an episode of inflammation of the testis may be susceptible to Leydig cell deficiencies in later life (Aiman et al., 1980) . Leydig cell function is also depressed during critical illness and in rheumatoid arthritis, suggesting an effect of the peripheral immune system on these cells as well.
Monocyte and mast cell products affect blood flow and vascular permeability, which can have drastic effects on testicular function (Hedger et al., 1995) . Hyperstimulation of the Leydig cells with LH, for example, induces a transient inflammatory response in the rat testis with fluid accumulation, increased capillary permeability, neutrophil accumulation and spermatogenic cell damage (Widmark et al., 1987) . These data provide additional evidence for the communication axis between the Leydig cells, and monocytes, macrophages and mast cells, in particular. Depletion of the resident macrophages from the testis actually enhances the inflammatory response, supporting the proposed immunosuppressive role of the resident macrophages (Bergh et al., 1993) . Thus, the process of inflammation has the potential to disrupt spermatogenesis and steroidogenesis at multiple sites.
Conclusions and significance
It is increasingly evident that the testicular leukocytes are neither inert passengers nor transients, but interact with the testis at many levels. The potential functions of the testicular leukocytes that have been examined in this review are summarized (Table 2 ). Whether they play an essential role in testicular function remains to be seen; clearly species with very few resident-type macrophages, for example, sheep and guineapigs, are fertile. Perhaps in these species the leukocytes present are still able to carry out the functions required, or maybe they The study of the maintenance of peripheral tolerance is a complex and rapidly evolving field of research, but some unifying principles have emerged to become generally accepted (see review by Nossal, 1994 ). An antigen-presenting cell (APC) interacts with the T-cell receptor (TCR) via the combined antigen-major histocompatibility complex molecules (MHC) on its surface. This signal is insufficient to activate the lymphocytes, and additional surface ligand receptors on both cell types need to be cross-linked (co-stimulation), and specific cytokines need to be secreted, before the T cell can mediate the immune response, either as an activated regulatory or cytotoxic T cell. If these additional signals are lacking, or immunosuppresssive factors in the environment interfere with the process, the T cell is primed, but the cell enters a terminal developmental process, either autodestructing (deletion), or becoming unable to respond to further antigen (anergy). There is evidence that these primed but inactivated T cells have the capacity to inhibit the activity of other lymphocytes as well (suppression).
have developed alternative or additional strategies, involving other testicular cell types. It is equally likely that these species are more susceptible to some immune responses, and there is indirect evidence that this may be the case (Maddocks and Setchell 1988; Primakoff et al., 1988) . In any event, it is important to recognize that the interstitial tissue and testicular leukocyte and macrophage population of humans is more similar to that of rats and mice, and that despite some differences in the intratesticular lymphatics, these rodent species provide an appropriate model for the human testis. Our knowledge of the interactions between the testis and immune cells is still evolving. Nonetheless, this information is essential if we are to progress in our understanding and treatment of autoimmune infertility, and idiopathic infertility in general. The development of effective, and potentially reversible, immunocontraception in the male will require an understanding of the role of the testicular leukocytes. In the past, these cells have been seen as something outside the testis, irrelevant or at least unimportant to testicular function. However, testicular physiologists are finally coming to the view that testicular leukocytes are as much a part of the testicular environment as are the Sertoli, Leydig or spermatogenic cells. 
